To identify potential selection pressures which lead to RNA sequence conservation, we examined the occurrence rates of dinucleotides in 64 singlestranded RNA virus genomes. These viruses may offer a particular insight into these pressures since their RNA-dependent RNA polymerases lack proofreading capability. This potentiates introduction of mutations into their genomes, yet unidentified selection processes conserve the genomes to a large degree. We report a strong inverse correlation between the CM G content and the occurrence of the CpG dinucleotide (r l 0n71) in the RNA virus genomes, in contrast to earlier reports (Karlin et al., 1994, Journal of Virology 68, 2889-2897). We also detected significant suppression of UpA, correlating inversely with genomic UM A content. These sup-
Introduction
RNA-dependent RNA polymerases from viruses with RNA genomes lack proof-reading capability (Holland et al., 1982) . While this enables the virus to evolve rapidly, it also leads to the unusual situation that a single virus plaque could contain a population of related viruses exhibiting the complete complement of all possible single-point mutations (Domingo et al., 1985 ; Holland et al., 1982) . This lack of proof-reading ability also predicts one to four mutations per replicative cycle for lytic RNA viruses (Domingo & Holland, 1994 ; Holland et al., 1982) . Taking account of the number of replicative cycles involved in the passage of virus from one host to another, high nucleotide replacement rates would be predicted for an RNA virus during an epidemic. However, as recently reviewed by Domingo & Holland (1994) , actual replacement rates for RNA virus genomes are between 5i10 −# and 5i10 −$ per site per annum. Recent results on measles virus (Rima et al., 1997) suggest a rate of nucleotide replacement in the order of Author for correspondence : Bert Rima.
Fax j44 1232 236505. e-mail b.rima!qub.ac.uk pressions are coupled with over-representation of the complementary pair of dinucleotides, CpA and UpG. In addition, we highlight the fact that odds ratios for dinucleotides are not independent variables, a situation apparently not widely appreciated in the literature. This led us to view the over-representation of CpA and UpG as a consequential outcome of UpA and CpG suppression in the virus genomes. Potential factors influencing these disturbances are discussed. In addition, higher than random incidence was observed for ' out-of-frame ' stop codons in the viral RNA genomes, with some preferences for individual codons being exhibited by certain virus groups. The UAG codon appeared more common in the M 1 frame, the UGA in the N 1 frame. 5i10 −% per site per annum. Even this low value is eclipsed by the observation that rubella virus strains isolated 31 years apart had identical sequences in the E1 glycoprotein (Bosma et al., 1996) . The paradox between the predicted and observed replacement rates in these sequences could be resolved if effective selection processes were in operation during virus replication. At the level of the nucleic acids, the need to maintain functional primary, secondary and tertiary structures for replication, transcription, translation and other aspects of genome expression may provide just such a selective force (Domingo & Holland, 1994 ; Domingo et al., 1985 ; Holland et al., 1982 ; Sharp & Matassi, 1994 ; Sharp et al., 1995) . In parallel, in coding regions of the genome, the need to maintain the functionality of the encoded protein provides a strong selective force. Although degeneracy of the genetic code provides an opportunity for variation in this context, little variation is apparent, as indicated above. This paper deals with other constraints that may be operative on nucleotide sequences. Karlin et al. (1994) observed that all small viruses (genome length 30 kb) including DNA, RNA and retroviruses show a marked suppression of CpG dinucleotides in their genomes. Recently, Krieg et al. (1995) have suggested that the ability of Table 1 . Odds ratios (R xy ) for specific dinucleotides in RNA virus genome sequences
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West Nile virus 10960 M12294 1n02 1n03 1n01 0n92 1n24 1n04 0n58 1n21 1n18 0n92 0n99 0n87 0n49 1n02 1n44 1n05 Dengue virus Type 1 10717 M87512 1n01 1n01 1n00 0n98 1n28 1n13 0n44 1n14 1n10 0n87 1n11 0n84 0n59 1n02 1n42 1n09 Type 2 10723 M29095 1n00 0n99 1n05 0n96 1n28 1n12 0n42 1n14 1n13 0n85 1n09 0n84 0n57 1n08 1n40 1n13 Type 3 10696 M93130 1n00 1n02 1n03 0n94 1n32 1n11 0n42 1n13 1n08 0n91 1n12 0n81 0n59 0n98 1n37 1n19 Bovine diarrhoea virus 12573 M31182 0n98 1n06 1n04 0n93 1n17 1n23 0n41 1n23 0n97 0n88 1n20 0n91 0n91 0n84 1n24 1n00 Hog cholera virus 12298 U45477 0n95 1n09 1n07 0n90 1n18 1n26 0n45 1n16 1n03 0n88 1n14 0n90 0n87 0n78 1n24 1n10 Hepatitis virus C 9448 D13558 0n95 1n07 0n96 1n00 1n20 1n01 0n75 1n13 0n97 0n94 1n15 0n90 0n80 1n00 1n18 0n95 GB 9143 U22304 1n08 1n09 0n97 0n88 1n24 1n11 0n59 1n09 0n93 1n03 1n08 0n96 0n77 0n80 1n34 1n06 G 9392 U44402 1n10 1n05 0n91 0n98 1n12 1n14 0n69 1n17 1n04 0n89 1n13 0n92 0n71 0n94 1n26 0n93 Togaviridae Semliki Forest virus 11442 X04129 0n98 1n09 0n99 0n91 1n13 0n97 0n89 1n00 1n04 1n01 0n93 1n04 0n79 0n90 1n26 1n06 Sindbis virus 11703 J02363 0n99 0n99 1n05 0n96 1n12 1n02 0n90 0n93 1n06 1n06 0n88 1n00 0n80 0n92 1n20 1n14 Sindbis-like virus 11717 U38304 1n00 0n99 1n04 0n95 1n12 1n00 0n90 0n95 1n05 1n06 0n88 1n00 0n77 0n93 1n22 1n14 Girdwood Venezuelan equine 11444 L04653 1n01 0n96 1n04 0n98 1n17 1n04 0n76 1n02 1n06 1n08 0n94 0n91 0n73 0n92 1n28 1n10 encephalitis virus Rubella virus 9755 M15240 0n93 1n11 0n87 1n06 1n08 0n91 1n06 1n04 1n07 1n13 0n85 0n90 0n73 0n73 1n29 1n05 Other mammalian RNA viruses Human coronavirus 20580 X69721 1n16 1n28 0n87 0n83 1n34 0n92 0n49 1n09 0n88 1n19 0n84 1n11 0n80 0n70 1n43 1n02 RNA polymerase Canine coronavirus 9580 D13096 1n02 1n21 0n97 0n90 1n35 0n93 0n48 1n02 0n90 1n09 0n96 1n07 0n86 0n78 1n33 1n05 (3h end) Lactate dehydrogenase-14104 U15146 1n23 0n95 0n94 0n91 1n22 1n24 0n61 0n98 1n00 1n00 1n00 1n00 0n62 0n84 1n38 1n10 elevating virus Feline calicivirus 7690 M86379 1n16 0n99 0n84 0n99 1n18 1n05 0n60 1n12 1n02 0n97 1n15 0n87 0n66 0n99 1n38 1n02 Rabbit haemorrhagic 7437 X87607 1n05 1n21 0n96 0n77 1n43 1n06 0n59 0n91 0n94 0n91 1n05 1n10 0n56 0n81 1n41 1n23 disease virus Human astrovirus 6771 L23513 1n01 1n09 1n00 0n91 1n29 1n05 0n47 1n09 1n02 0n98 1n09 0n91 0n73 0n87 1n37 1n10 Plant RNA viruses Potato virus X 6432 X55802 0n98 1n03 1n15 0n83 1n23 0n97 0n56 1n21 1n06 1n01 1n06 0n84 0n68 0n99 1n26 1n17 Y 9704 D00441 1n01 0n94 1n04 1n00 1n39 0n87 0n59 0n99 1n07 1n12 0n93 0n90 0n65 1n05 1n30 1n10 M 8535 X53062 1n06 0n94 1n02 0n96 1n25 0n89 0n76 1n11 1n01 1n28 0n87 0n91 0n73 0n84 1n32 1n05 Tobacco mosaic virus 6395 J02415 1n03 0n99 1n06 0n92 1n21 0n98 0n88 0n90 1n16 0n97 0n87 0n97 0n67 1n05 1n13 1n18 Tobacco rattle virus 6791 X06172 1n09 1n11 1n02 0n82 1n08 0n82 0n91 1n10 1n22 0n84 0n83 1n10 0n65 1n14 1n18 1n11
CpG-containing oligodeoxynucleotides to stimulate antibody synthesis and proliferation in human B-cells provides a potential reason for the suppression of CpG in DNA animal viruses and especially avoidance of the most immunostimulatory motif RRCGYY. The explanations put forward for CpG suppression, i.e. control of transcription and genomic defences against parasitic DNA (Bestor & Tycko, 1996) deal with functions of DNA organisms only, but the same suppression is also present in RNA viruses. This could indicate that biases in dinucleotide usage originate from mechanisms involving also this nucleic acid species, a departure from previous suggestions. For these reasons the recently accumulated data on nucleotide sequences for RNA viruses were used to re-evaluate dinucleotide odds ratios. We show here that the genomes of different RNA virus families and genera strongly favour different dinucleotide frequencies, especially suppression of the CpG and UpA dinucleotides.
These dinucleotide preferences also affect codon usage in the virus genomes. We have chosen to examine the incidence of out-of-frame stop codons in the coding sections of the viral RNA in the belief that these too may reflect selection pressures. We show here that (i) the genomes of different RNA virus families and genera indeed contain stop codons in the k1 and j1 reading frames at levels significantly elevated above those expected on the basis of the dinucleotide frequencies observed in their genomes, and (ii) different virus genera have different preferences for each of the three stop codons. (Table 1) were obtained from the GenEMBL sequence database held at the SEQNET Facility, CCL (Daresbury, UK). Complete genome sequences were used in each case except for those viruses which contained poly(C) tracts -these regions were excised to avoid distortions in the subsequent analyses. No consideration was given as to whether sequences were coding, intergenic or terminal untranslated regions.
Dinucleotide frequency analysis. In order to carry out the preliminary analysis, a HyperTalk program (DINFREQ) was written which accepts GenBank-formatted sequence files. During program execution the sequence is scanned sequentially to build up the overall nucleotide composition, together with the number of occurrences of each of the sixteen dinucleotide pairs in turn and the base composition up to three positions on either side of each occurrence. In order to obtain a visual guide of the distribution of target dinucleotides throughout the sequence, a graphical display of the position of each dinucleotide is also generated. On completion of the scan, expected numbers of a given dinucleotide are calculated from the overall nucleotide composition and reported together with the observed values. The expected (random) number of a given dinucleotide is calculated as the product of the fractional occurrences of each constituent base and the number of bases in the sequence. In addition, a χ# test is carried out on the base composition surrounding the target dinucleotide as compared with the overall base composition and any non-random distributions highlighted.
Due to the interdependence of the dinucleotide frequencies in a given sequence (see below) it is not possible to estimate the significance of relative differences between observed and expected incidences for a single set of results for a particular sequence. However, statistical analysis is possible when the results from a number of sequences are available. In order to enable the analysis of sequences of differing length for estimation of the level of statistical significance of dinucleotide occurrences, the relative abundance or ' odds ratio (R xy ) ' of the observed over the expected numbers of each of the sixteen dinucleotides, XpY, in a particular genome sequence was calculated. This ratio is independent of the absolute length of the genome and its base composition. All statistical analyses were performed on log-transformed R xy values for linearization using the Instat analysis package.
Analysis of stop codon frequencies.
A second Hypertalk program (CODONS) was developed for this purpose. The coding parts and the open reading frame (ORF) of the genome sequences were extracted from the GenEMBL database entries based on the ' CDS ' prompt in the sequence annotation. The number of UAA, UAG and UGA codons in the k1 and j1 frames with respect to the ORF were established and an odds ratio was calculated. The expected number of occurrences of a given stop codon was calculated by multiplying onethird of the number of bases in the sequence by the product of the fractional frequencies of the single nucleotides (e.g. f U if A if G for UAG). Since our findings for the dinucleotide analysis indicated that two nucleotides present in the stop codons, namely UpA and UpG, are significantly under-and over-represented, respectively, we refined the calculation of the expected number of stop codons further by multiplying the expected occurrences by the odds ratios for the constituent dinucleotides calculated in the coding region (e.g. R UA and R AG for UAG ; see above) and hence deriving a compensated trinucleotide odds ratio, for example R UAG . The R value for each of the three stop codons was calculated in the j1 and k1 reading frames.
Results

Dinucleotide frequencies in RNA virus genomes
We analysed the odds ratio, R xy , of the observed over the expected incidences of each of the 16 dinucleotides for 64 virus genomes (Table 1) . A typical output of the program DINFREQ is shown in Fig. 1 . When the mean values for all 16 R xy values were examined (Table 2) , it became apparent that some dinucleotides are consistently over-(R xy 1n0) and others under-(R xy 1n0) represented. The column means deviated significantly from each other (Friedman test, P 0n0001). Four mean dinucleotide odds ratios were found to be significantly different from the others (Dunns Repeated Measures test, P 0n001) ; two being suppressed (CpG and UpA) and two enhanced (CpA and UpG).
A strong bias against CpG dinucleotides was observed in RNA virus genomes from all sources, including plant viruses (mean R CG l 0n55, Table 2 ). CpG suppression occurred in all RNA viruses except rubella virus (R CG l 1n06, Table 1 ). There was a range of degrees of suppression, most extreme in hepatitis A virus (R CG l 0n15 ; observed CpG, 39 occurrences ; expected CpG, 265 ; genome, 7478 nt). The distribution of CpG in the hepatitis A genome was also extremely skewed Jackson & Kaminski, 1995) . In addition to CpG suppression, UpA was also significantly suppressed in all the RNA viruses (mean R UA l 0n73 ; Table 2 ). This occurred to a lesser, but more consistent, extent than CpG suppression. In 13 out of the 64 virus sequences UpA was more severely suppressed than CpG.
In all RNA virus genomes examined CpA and UpG dinucleotides were considerably over-represented (mean R CA l 1n24 ; mean R UG l 1n29 ; Table 2 ). The variation in R xy values for individual viruses was greatest for CpG and UpA, which prompted further investigation. When the variation of dinucleotide incidence with base composition of the individual RNA virus genomes was analysed, a strong inverse correlation (r l 0n712, P 0n0001) was seen between R CG and CjG content. In contrast, no correlation was seen (r l 0n16, P l 0n19 for slopes different from zero) in regression analysis of the overall CjG content and the R GC ratio for the reversed dinucleotide GpC, which appeared not to be subject to selection to any degree (Fig. 3 a) .
Regression analysis for R UA versus UjA content (Fig. 3 b) also showed a statistically significant correlation (r l 0n39). There appeared to be two different populations of viruses as far as UpA suppression was concerned. A large number of viruses display weak UpA suppression (R UA 0n70), similar to the levels observed in many DNA genomes as well as in other viruses . A second group of the RNA viruses showed very low R UA values, as reported earlier. If one analysed the regression between R UA and UjA content of the genome of viruses with R UA 0n70, the correlation coefficient was 0n64. Thus, in this group of viruses with high UpA suppression, R UA varies significantly with the UjA content of the genome just as the R CG does with the CjG content of all the genomes. No positive correlations were found between R CA and CjA or R UG and UjG, these being the other dinucleotides displaced from their random incidences.
The initial analysis program, DINFREQ, also analysed the frequency of occurrence of each of the four nucleotides in the p1, p2 and p3 positions around each dinucleotide (see Fig.  1 ). The frequencies for each base at these positions are not presented here for any of the sequences as all deviations in the p1 positions in the observed frequencies of each nucleotide from their expected values were entirely explained by the dinucleotide suppression or over-representation. No specific preference for any base was seen at the p2 or p3 positions either. Occasional significance was observed in the χ# test results at positions p2 and p3 in the absence of significant deviation at p1. Due to the large number of tests carried out, these probably had arisen by chance. , R UA values 0n7; $, R UA values 0n7. The Spearmanhs rank correlation coefficient for the latter class was 0n64 (P 0n0017).
Stop codon frequencies in coding regions of selected RNA virus genomes
Odds ratios for each of the stop codons, UAA, UAG and UGA, were determined for three different virus groups, calculated using the observed and expected number of codons in the k1 and j1 reading frames with respect to the ORF. As described in Methods, the ' expected ' values were calculated after taking account of the genomic dinucleotide preferences (i.e. suppression of UpA, over-representation of UpG and no preference for the ApA, ApG and GpA dinucleotides). In the Picornaviridae (Table 3 ) and the Flaviviridae (Table 4) , the sequences contain a single large ORF and sufficient members of the family were available from the database for meaningful comparisons to be made. The third group analysed was the A24  1n50  1n24  1n62  1n49  0n91  1n24  1n17  1n11  B1  1n31  1n21  1n51  1n38  1n03  1n18  1n24  1n16  B3  0n94  0n97  1n60  1n22  1n00  1n71  1n17  1n25  B4  1n39  1n00  1n36  1n27  1n16  1n28  1n23  1n22  B5  1n42  1n00  1n58  1n39  0n88  1n18  1n21  1n10  Bovine enterovirus  1n28  1n11  1n83  1n51  0n80  1n35  1n08  1n08  Echovirus  Type 6  1n20  1n08  1n21  1n17  1n03  1n27  1n19  1n17  Type 9  1n53  1n28  1n61  1n50  0n87  1n48  1n04  1n11  Enterovirus 70  1n12  1n40  1n58  1n39  1n05  1n71  0n86  1n14  Rhinovirus  89  1n53  1n54  2n05  1n73  0n94  1n65  0n52  0n97  14  1n41  1n06  1n64  1n42  0n96  2n16  0n98  1n25  2  1 n 49  1n56  2n13  1n75  1n05  1n41  0n53  0n94  1B  1n52  1n73  1n91  1n71  1n11  1n65  0n48  1n02  Hepatitis A virus  1n54  1n38  1n40  1n43  0n88  1n45  1n07  1n09  Hepatitis A virus  1n59  1n31  1n36  1n41  0n83  1n28  1n04  1n03  Mengovirus  1n45  1n24  1n50  1n43  0n79  1n28  0n90  0n96  Encephalomyocarditis  1n54  1n04  1n61  1n46  1n04  1n60  1n00  1n15  virus  Theiler's murine  1n65  1n24  1n94  1n74  0n46  1n20  0n74  0n73  encephalomyelitis virus  Foot-and-mouth  1n43  0n50  1n70  1n17  0n64  0n42  1n26  1n01  disease virus  Mean  1n39  1n20  1n63  1n46  0n94  1n38  0n99  1n09  SEM  0n04  0n05  0n04  0n06  0n04  0n06  0n05  0n03 Paramyxoviridae, where biases were assessed in the reading frames referenced to the single ORF encoding various proteins (Table 5) . In each RNA virus group there was a consistent enhancement of the total number of stop codons in the k1 and j1 reading frames (Tables 3-5) , although it is interesting to note that the distribution of specific stop codons in the k1 and j1 reading frames differed between the three virus groups. In the Picornaviridae, the UAA codon was significantly overrepresented in the k1 frame but not in the j1 frame (Table  3) . UAG was more prevalent than expected in both frames and UGA was elevated in the k1 frame but occurred at the expected rates in the j1 frame.
In the Flaviviridae the UAG stop codon is significantly more frequent in the j1 than in the k1 frame, whilst both frames had elevated levels of UGA and the expected values for UAA triplets (Table 4) . When mean values were calculated for the Picornaviridae the standard errors of the means were small. However, in the Flaviviridae they were large, as significant differences occur in the distribution of stop codons over the various frames between the groups of flaviviruses. The dengue viruses show a very tight distribution and particularly noteworthy is the very large over-representation of UAG in the j1 frames of these viruses.
In Table 5 the odds ratios for the N, M, F and L genes of several paramyxoviruses are analysed together. These four Table 5 . Odds ratios of ' out-of-frame ' stop codons in specific genes of some Paramyxoviruses
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As described in Methods, the ' expected ' values were calculated after taking account of the genomic dinucleotide preferences (i.e. suppression of UpA, over-representation of UpG and no preference for the ApA, ApG and GpA dinucleotides).
All genes combined j1 1n34 1n72 1n12 1n35 k1 1n31 0n92 1n81 1n40
genes were chosen to reflect a total coding sequence of similar length to that of the flaviviruses and also, if there were positional effects, these genes are distributed at the 3h end, centrally and at the 5h end of the genome of the paramyxoviruses. The longer sequence for the paramyxovirus L proteins was almost equal in length to the complete ORFs encoding the polyproteins of the picornaviruses. The UAA codons were over-represented in both frames and UAG was elevated in the j1 frame, whilst UGA was present at very much enhanced levels in the k1 frame. Taking these results together the UAG codon was encountered significantly more frequently in the j1 frame than in the k1 frame (P 0n0001, Mann-Whitney U test) and the UGA codon was more frequent in the k1 frame (P 0n0001) in all viruses.
Discussion
Choice of data set
We restricted our analysis to single-stranded RNA viruses because they, being the simplest replicators with error-prone replication mechanisms, may shed most light on selection pressures which bias the use of dinucleotides. These viruses do not have a DNA intermediate in their life cycle and hence the prime reasons forwarded by earlier workers for the CpG suppression, namely the potential for methylation-deamination and mutation and defence of the genome (Bestor & Tycko, 1996) , are unlikely to apply. There is also no evidence of internal methylation of bases in these RNA genomes. Thus, any of the biases could reflect selective advantages resulting from the use of specific dinucleotides in RNA synthesis. A number of plant viruses were also included to test the universality of the observations. The fact that CIGG Dinucleotide frequencies in RNA viruses Dinucleotide frequencies in RNA viruses similar biases are observed in retroviruses and some small DNA viruses indicates that it may be possible to generalize the conclusions reached for these RNA viruses to other replicating systems, without accepting earlier proposed explanations and supplementing them with others.
Dinucleotide preference quantification procedure
We have chosen the same metric as Burge et al. (1992) and Karlin et al. (1994) for measuring over-or under-representation of dinucleotides in a number of sequences, namely the odds ratio, R xy , between the observed and expected values instead of the differences (see Fig. 1 ) as a measure of the preference for different dinucleotides in each virus (Tables 1 and 2 ). The ratio indicates over-or under-representation in a sequence-and composition-independent manner, and thus allows comparison of different sequences. The reference value for the ratio is 1n00, which occurs when there is no preference for any individual dinucleotide. Karlin et al. (1994) , using non-parametric statistics, suggested that ratios 0n78 or 1n25 in a specific sequence may indicate significant variation from the expected values. We preferred to use a parametric approach with the complete set of RNA virus sequences so as to provide population statistics for the whole group. Results drawn from the complete set of sequences are more informative.
It seems not to have been appreciated earlier that the use of a 4i4 occurrence table for the sixteen dinucleotides (as in Table 2 ) highlights the interdependence of the observed values. In such a table (as shown in Fig. 1 ) both columns and rows of differences between observed and expected values must sum to zero (except in rows and columns referring to the terminal nucleotides). If a bias of dinucleotide usage is thought of as arising by replacement of one base by another, a ' compensatory ' mechanism must maintain the zero sum. A single nucleotide, X, in the body of the sequence, for example … MpXpN … is a constituent of two dinucleotides, MpX and XpN, and thus, if X is replaced by Y, coordinated disturbances will arise both in rows and columns of tables of differences (shown in Fig. 1 ) since the replaced nucleotide is in the second position of the first dinucleotide (row effect : MpX and MpY ) and the first position of the second dinucleotide (column effect : XpN , YpN ). With successive replacements of a base in a particular dinucleotide (i.e. suppression), if the incoming base is always the same, only two other corresponding elements in the table will be elevated in response, one will be located in the column and one in the row intersecting at the suppressed dinucleotide. If replacement is random, however, the compensation will be shared between all three elements of the appropriate row and column. When the odds ratios rather than the differences between the observed and expected values are considered, the same type of compensation occurs, but now the row and column sums are 4n00 only when the overall base composition is equally divided between the four nucleotides (each element having a target value of 1n00). The ' compensation ' between over-and under-representation of specific dinucleotides has not been discussed in the literature before. Although it makes no call on complementarity between base pairs in double-helical structures, it would be likely that complementary pairs be used to compensate in order to express any selective advantages associated with specific dinucleotides in the replication of both the positive and the negative strands of viral RNA.
Observed dinucleotide preferences
Amongst the 64 RNA virus sequences examined, the occurrence frequencies for dinucleotides were not randomly distributed. With only a few exceptions dinucleotides starting with a purine residue were present at expected frequencies. Significant deviations from the expected frequencies occur for the CpG and UpA (suppression or under-representation) as well as the CpA and UpG (enhancement or over-representation) dinucleotide pairs. The CpA and UpG pairs are complementary to each other and CpG and UpA are selfcomplementary, so that the choice of these dinucleotides ensures that biases expressed in one strand will also be expressed in the other (Burge et al., 1992) . Thus the fact that these biases were present in almost all viruses favours an explanation for dinucleotide biases based on replicative advantage. The analyses of Karlin et al. (1994) on a number of DNA, RNA and retroviruses already indicated that these effects are probably not associated with codon usage or amino acid preferences and our own analysis supports this (data not shown).
Source of disturbances in dinucleotide distributions
Within Table 1 , cases of extreme CpG suppression can be discerned. R CG shows a six-and fourfold reduction below the non-selected random value in the case of hepatitis A and rhinoviruses, respectively. The suppression of UpA is more modest, although more consistent than CpG suppression. The compensatory enhancements for the other dinucleotides show a 1n47-fold enhancement of UpG in the yellow fever virus sequence and 1n43-fold enhancement of CpA in rabbit haemorrhagic disease virus. All these observations led us to consider first whether CpG suppression may be the ' source ' of the disturbances seen in the summary values presented in Table 2 and that CpA and UpG over-representations are compensatory, with UpA suppression being compensatory for CpA and UpG over-representation. In support of this suggestion we found that there is a strongly significant inverse correlation between the percentage of the viral genome present as CjG and the level of CpG suppression as measured by R CG , using all 64 RNA viral sequences (Fig. 3) . This inverse correlation between the CjG contents and the R CG was not noted by Karlin et al. (1994) , although it was present in their data set. The consequence of this inverse correlation is that CIGH when the expected number of CpG pairs is low due to a low CjG content, the observed numbers are further suppressed. The wider occurrence of an inverse relationship between R CG and CjG content of different types of ribonucleic acids, including DNA-derived RNA, is supported by the observation that the regression also appears to occur in ribosomal RNAs. These form a type of RNA of essentially different function from the viral genomic RNA we consider in the rest of this report but which is nevertheless present in the same cells as some of these viruses during their infective cycle. For example, the 18S and 28S rRNAs from two primates with a high CjG content show a high incidence of CpG dinucleotides, whilst conversely the 12S and 16S rRNA from their mitochondria have a low CjG content and show a low CpG incidence (data not shown).
It is of interest to note that, due to the degeneracy of the genetic code, there are four dinucleotides, ApG, CpG, CpU and UpC, whose presence is not required in a coding region, no matter what the amino acid sequence. However, from among these four dinucleotides we only observe suppression of CpG. Karlin et al. (1994) suggested that a potential reason for CpG suppression in replication was the enhanced free energy for CpG dinucleotides as compared to GpC and CpC\GpG pairs in double-stranded DNA (Breslauer et al., 1986) , by which CpG suppression might enhance replication and\or transcription rates. However, the converse would be true for TpA, for which the free energy is much lower than that of the ApT or ApA\TpT pairs. These values apply only to the formation of complementary dinucleotides in DNA and not RNA. The free energies of complementary duplex formation at 37 mC for all 16 dinucleotides in RNA (Serra & Turner, 1995) show that the dinucleotides for which we report the odds ratios to be different from 1n00 have free energies of duplex formation in the centre of the range of calculated values and do not include base pairs with high ( 12n6 kJ\mol ; CpC, GpG and GpC) or low ( 4n2 kJ\mol ; ApA and ApU) values. Thus, the substitutions of, say, CpG by CpA or UpA by UpG are unlikely to affect the overall stability of any complementary double-stranded replicative or transcriptive intermediate. Hence, the explanation put forward by Karlin et al. (1994) and Breslauer et al. (1986) for CpG suppression in DNA is not applicable to RNA viruses. It is also worthy of note in this context that prediction of RNA stability is based on dinucleotides in the ' nearest neighbour ' method (Tinoco et al., 1973) .
UpA suppression, although generally of smaller magnitude than that of CpG, is more consistent (Table 2 ) and in some cases becomes very significant (R UA for tick-borne encephalitis virus is 0n39). A similar inverse relationship was found between UjA content and R UA , especially when the analysis was restricted to those viruses with UpA suppression significantly higher than that already described for many DNA and RNA genomes , i.e. when R UA was 0n70. A potential reason for UpA suppression is the suggested susceptibility of the dinucleotide to RNase activity (Beutler et al., 1989) . These authors argued that the suppression of TpA in DNA was caused by the instability of UpA in RNA as the suppresssion was greater in exons than in introns and nontranscribed regions. They also argued convincingly that codon usage bias and translational processes were not responsible for the UpA suppression, similar to the situation with CpG suppression.
It is also interesting that for almost all the viruses analysed here, except rabies and vesicular stomatitis virus, CpA and UpG over-representation have been selected consistently as the compensation mechanism for the suppression of CpG and UpA dinucleotides. These results indicate that CpG or UpA suppression and CpA and UpG over-representation are linked and represent specific biases in the dinucleotide usage of RNA viruses.
Evasion of immune stimulation as a selection pressure for expression of dinucleotide preferences
A possible selection mechanism for CpG suppression in eukaryote DNA has recently been suggested to be associated with the ability of CpG-containing oligodeoxynucleotides containing the RRCGYY motif to stimulate proliferation and immunoglobulin synthesis in B-cells more strongly than the YYCGRR motif (Krieg et al., 1995 ; Krieg, 1996) . GpCcontaining oligodeoxynucleotides produced no immune response and the immune stimulatory property of CpGcontaining oligodeoxynucleotides was completely abolished after methylation of the C residue (Krieg et al., 1995) . The authors did not investigate corresponding RNA oligonucleotides. If RNA oligonucleotides were able to induce the same immunostimulation, then RNA viruses might show the same bias against the RRCGYY motif. When, in the first instance, the genomes of both measles and mumps virus were inspected -bearing in mind that both viruses cause systemic infection and grow in cells of the human immune system -it was found that both viruses shared with the host cells the same preponderance of the YYCGRR motif over the RRCGYY motif. The former are present 4n3-and 2n3-fold more frequently than the latter in measles and mumps virus, respectively, as compared to 3n1-fold in human coding sequences (Krieg et al., 1995) . However, using our observed odds ratios, the different frequencies with which these hexanucleotide motifs occur in these two RNA virus genomes is entirely explained by the frequencies of the XpC and GpX dinucleotides adjacent to the CpG sequence. When these were taken into account no preference for either motif was obvious. Similar conclusions were reached for parainfluenza virus type 3, rinderpest virus and canine distemper virus, parainfluenza virus type 2 and simian virus 41, as well as for the picornaviruses poliovirus (types 1-3), rhinovirus 14, coxsackie B4 virus and hepatitis A virus.
The effect appears to stem from dinucleotide preferences and consequently our conclusions might prompt a re-evalu-Dinucleotide frequencies in RNA viruses Dinucleotide frequencies in RNA viruses ation of the previous results (Krieg, 1996 ; Krieg et al., 1995) in terms of dinucleotide usage in human coding sequences rather than preferred hexanucleotides.
Variation of dinucleotide ratio between different virus groups
This more extensive analysis of RNA viruses than the one presented earlier revealed that different RNA virus groups have different levels of CpG suppression (Table 1) and also share other characteristic patterns of dinucletoide frequencies, especially with respect to UpA suppression.
The distribution of the odds ratios for each of the dinucleotides in the Picornaviridae demonstrated that specific patterns correlate with each genus with certain exceptions. Enterovirus 70, although presently classified with the polioand cardioviruses, has an R CG of 0n28, more like the rhinoviruses (R CG between 0n25 and 0n30). The single aphthovirus, foot-and-mouth disease virus, demonstrated a completely different distribution in the family, having an R CG of 0n80 and showing significant UpA and ApU suppression ( Table 1 ). The wide range of R CG values between genera (e.g. 0n15-0n80) and the fact that different genera do have distinctly different degrees of dinucleotide suppression, leads us to believe that differences in the degree of CpG suppression have not arisen as a result of differences in virus architecture or genome organization.
The highest R CG values were observed in the Togaviridae (0n75-0n90), reaching a maximum of 1n06 in rubella virus. This was the only sequence not to show CpG supression, which may be related to the very high (70 %) CjG content of the rubella virus genome.
In the Flaviviridae the patterns for the different dengue virus types were very consistent and so was the pattern for the two group 4 viruses (Japanese encephalitis and West Nile viruses). It was also interesting that in all flaviviruses G residues were preferentially followed by another purine rather than a pyrimidine residue.
In the Mononegavirales, the distributions in the morbilliviruses were extremely consistent but no clear-cut differences between the paramyxo-, morbilli-and rubulaviruses (mumps virus, simian virus 41 and human parainfluenza virus type 2) were observable. The R CG value of the more distantly related pneumovirus, respiratory syncytial virus, was 0n21. This genome again has a low CjG content.
Stop codon incidence
Ribosomes which have accidentally shifted out of the reading frame into the k1 or j1 frames are essentially involved in the wasteful activity of synthesizing protein which may have a significant proportion of its sequence in error and is thus extremely unlikely to be functional. Hence, we postulate here that the presence of stop codons in the k1 and j1 frames with respect to the normal reading frame may provide a selective advantage for viruses.
Use of dinucleotide-corrected values for investigation of the frequencies with which stop codons appear in the j1 and k1 reading frame showed that large numbers of out-of-frame stop codons were present. To our knowledge this effect has not been described before.
No obvious explanation is at hand for the differential use of various stop codons in the different reading frames. It is striking that the difference in the UAG and UGA incidences in the j1 and k1 reading frames was consistently observed for all of the virus genomes analysed. Odds ratios as high as 2n32 or 2n71 for the UAG triplet in the j1 frames of dengue viruses or the mean of 1n63 for the odds ratios of UGA codons in the k1 frame of the picornaviruses indicate that out-of-frame stop codons occur much more frequently than expected. Overall stop codons are significantly more frequent in the k1 frame than in the j1 frame (P 0n0002), but present in both frames at significantly elevated levels (k1 frame, P 0n0001 ; j1 frame, P 0n0001). Their presence may confer some real advantage, even though this may provide only a very small increase in fitness. There is an inverse correlation between population size and the advantages that can be selected positively in a population (Sharp & Matassi, 1994 ; Li, 1987 ; Wright, 1931) . Thus, very small selective advantages may be expressed in these viruses due to the very large populations of RNA molecules, both during virus epidemics and also in transmission from one individual host to the next. However, the question of whether the elevated levels of stop codons in the non-reading frames reflect the expected increase in fitness resulting from the increased ability to curtail derailed ribosomes remains open. The preferential use of the UAG and UGA stop codons in the j1 and k1 frames, respectively, also remains unexplained.
Conclusions
In summary, the frequencies with which individual dinucleotides are used in RNA viruses indicate that the extent of suppression of CpG pairs is strongly inversely correlated with the CjG content of the genome, although UpA suppression in many cases appears equally important, with CpA and UpG fulfilling a ' compensatory ' role. This leads us to propose that these suppressions are probably the most important factors behind the disturbed distribution pattern of the four dinucleotide odds ratios. The deviations in the dinucleotide profiles of RNA viruses are the largest of all the genomes analysed . The underlying causes of the suppressions are unclear at present. Comparison of dinucleotide usage in coding and non-coding regions of the virus genomes has not shown any significant differences in distribution from the analysis of entire genomes, except in the case of the extremely suppressed hepatitis A genome. This set CIGJ of symmetrical (Burge et al., 1992) compensatory dinucleotides allows any advantages of the over-and under-representations to be expressed in both the genome and antigenomic replicative intermediates.
Due to the very large population sizes of the RNA genomes of these viruses in infected hosts, it may be possible to express very small differences in fitness, and hence the dinucleotide biases described here in these simple replicators may provide significant constraints on the nucleotide divergence of RNA viruses. The distribution of dinucleotide odds ratios may also have some taxonomic value in certain virus families.
